Ectopic Myc expression plays a key role in human tumorigenesis, and Myc dose-dependent tumorigenesis has been well established in transgenic mice, but the Myc target genes that are dependent on Myc levels have not been well characterized. In this regard, we used the human P493-6 B cells, which have a preneoplastic state dependent on the Epstein-Barr viral EBNA2 protein and a neoplastic state with ectopic inducible Myc, to identify putative ectopic Myc target genes. Among the ectopic targets, JAG2 that encodes a Notch receptor ligand Jagged2, was directly induced by Myc. Inhibition of Notch signaling through RNAi targeting JAG2 or the γ-secretase Notch inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-(S)-phenylglycine t-butyl ester (DAPT) preferentially inhibited the neoplastic state in vitro. Furthermore, P493-6 tumorigenesis was inhibited by DAPT in vivo. Ectopic expression of JAG2 did not enhance aerobic cell proliferation, but increased proliferation of hypoxic cells in vitro and significantly increased in vivo tumorigenesis. Furthermore, the expression of Jagged2 in P493-6 tumors often overlapped with regions of hypoxia. These observations suggest that Notch signaling downstream of Myc enables cells to adapt in the tumor hypoxic microenvironment. neoplasia | Notch | target genes | transcription | hypoxia T he Myc proto-oncogene encodes a transcription factor, c-Myc (herein termed Myc), that is implicated in genesis of many human malignancies (1, 2) . Deregulated Myc expression induces tumorigenesis, presumably via its downstream targets comprising about 10-15% of the human genome (2) . It is therefore essential to determine whether the Myc target gene network is both quantitatively and qualitatively different between nontumorigenic and tumorigenic states.
The chromosomal translocations of Burkitt lymphoma deregulate the expression of the Myc transcription factor. Ectopic Myc dosage effects on tumorigenesis are best exemplified by many transgenic mouse models, in which the targeted tissues succumb to tumor formation (3) . The spectrum of hematologic neoplasms depends on the dosage of Myc in bone marrow cells (4) . In fact, Myc-induced hematologic transgenic tumors regressed when Myc levels are diminished (5); however, the Myc dose-dependent target genes have not been elucidated. Though these animal models show the importance of Myc dosage on tumorigenesis, they are not easily amenable to molecular analysis to identify the putative Myc target genes that are induced in the tumorigenic state.
The critical Myc target genes that are necessary for cellular transformation and tumorigenesis are beginning to emerge, but the effects of cell type and cellular context on target gene response to Myc remain poorly understood. The technical limitation has been the dearth of models of Myc-mediated tumorigenesis that provide both nontumorigenic and tumorigenic states in the same system. In this regard, the human B-cell line P-493-6 provides an experimentally tractable system to identify putative endogenous and ectopic Myc target genes (6) .
The P493-6 cells were derived from human peripheral blood B cells immortalized by an Epstein-Barr viral (EBV) genome that is complemented with an EBV nuclear antigen-estrogen receptor (EBNA2-ER) fusion protein and a tetracycline-repressible Myc transgene (6) . We selected P493-6 cells because they exist in at least three states. With tetracycline, the P-493-6 cells withdraw from the cell cycle in a state with very low Myc levels, arbitrarily termed the "NO Myc" state. In the presence of tetracycline and estradiol, which activates EBNA2-ER, the cells proliferate with induction of endogenous Myc by EBNA2, achieving a "LOW Myc" nontumorigenic state that is equivalent to EBV-immortalized peripheral B lymphocytes (7) . In the absence of tetracycline and estradiol, ectopic Myc is induced in a "HIGH Myc" tumorigenic state that resembles human Burkitt lymphoma. This system has allowed us to delineate a subset of genes that specifically responded to ectopic Myc expression, potentially representing target genes that contribute to lymphomagenesis.
Here, we report JAG2, which encodes the Notch ligand Jagged2, as one of the genes most highly up-regulated upon ectopic Myc expression in the P493-6 cells. Although the role of Notch signaling has not been thoroughly dissected in B-cell lymphomas, Jagged2 overexpression is prevalent in the B-cell malignancy multiple myeloma (8) . Recent evidence suggests that Notch may synergize with the B-cell receptor to enhance B-cell activation (9) . In this report, we document that JAG2 is a direct Myc target and that Jagged2 and Notch signaling participate in P493-6 lymphomagenesis.
Results and Discussion
Human P493-6 B-Cell Neoplasm Model. The P493-6 cells were engineered with a tetracycline-regulated Myc and an EBNA2-ER fusion protein to achieve NO, LOW, and HIGH Myc states as described previously (10) . As shown in Fig. 1 A-C, P493-6 cells in the NO Myc state grew minimally with more compact Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo/ (accession no. GSE19703). To whom correspondence may be addressed. E-mail: cvdang@jhmi.edu or yustein@bcm. edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0901230107/DCSupplemental. chromatin and pale cytoplasm, whereas those with LOW Myc grew with the appearance of lymphoblastoid cells. Untreated cells expressing HIGH Myc grew even better, with the appearance of Burkitt cells characterized by perinuclear lipid vacuoles and frequent mitotic figures. Because P-493-6 cells were derived from mature circulating B cells, they do not express Bcl-6, which is usually found in germinal center-derived Burkitt lymphoma cells. In this regard, we sought to molecularly characterize the P493-6 cell line by arbitrarily selecting 445 gene probes (Table  S1 ) whose expression is >5-fold different between the NO and HIGH Myc states for clustering analysis using expression profiles of 169 primary human mature B-cell malignancies and 21 normal B-cell samples (11) . The P493-6 cells with LOW and HIGH Myc clustered together and are closest to Burkitt lymphoma (Fig.  1D) , thus validating P493-6 cells as a model of Burkitt lymphoma. The LOW Myc state, however, also resembles multiple myeloma. The NO Myc state is closest to chronic lymphocytic leukemia, which has a low proliferative status. Though many genes up-regulated in P493-6 cells are shared with Burkitt lymphoma, there are subsets of genes unique to P493-6 cells. Moreover, a small subset of genes (at the top of the clustering diagram; Fig. 1D ) is shared with multiple myeloma. As such, the P493-6 cells most closely resemble Burkitt lymphoma; however, their expression profiles indicate that they also share gene expression patterns found in other B-cell malignancies
Immunophenotyping of HIGH Myc P493-6 cells by flow cytometry reveals high CD19 (surface kappa chain) and low CD10 expression, which is characteristic of activated mature B cells. All of these markers are consistent with a Burkitt phenotype. However, these cells also express high CD38 and CD9, markers indicative of plasma cell differentiation-perhaps reflecting the peripheral blood origin of these cells. These markers indicate that the P493-6 cell system does not fully recapitulate the classic Burkitt phenotype, because they have a partial plasma cell phenotype. However, LOW or NO Myc P493-6 cells have significantly diminished CD38 as well as CD9, suggesting that the P493-6 cells in the HIGH Myc state acquire a partial plasma cell phenotype.
Gene Expression Profiling of NO, LOW, and HIGH Myc States. To determine differences in gene expression profiles between the P493-6 cells expressing ectopic (HIGH Myc), EBNA-2 driven (LOW Myc), or very low Myc (NO Myc) levels, we analyzed multiple biological samples using oligonucleotide microarrays. As shown in Fig. 2A , gene expression profiles under the three conditions revealed that signals of >10,000 probe sets are different between the HIGH and NO Myc states, and >8,000 are different between the LOW and NO Myc states, whereas just over 3,100 are different between EBNA-2 driven LOW Myc and ectopic HIGH Myc states. The intersection of all three sets yields 959 probe sets whose signals are altered in common. We focused on genes whose profiles are different between the HIGH and LOW Myc states and different between the HIGH and NO Myc states, but not between the LOW and NO Myc states. We surmise that this set would contain genes that could be pathologic, because they are significantly induced in the HIGH Myc but not the LOW Myc state. The 874 probe sets, as shown in the diagram, represent 603 putative Myc targets that are differentially regulated only upon ectopic Myc expression (Table S2 with list of 874 probe sets identified).
The heat map in Fig. 2B displays the relative expression intensities of this set of 603 ectopic Myc-driven genes under NO, LOW, and HIGH Myc states. The map reveals a set of genes that are down-regulated in a stepwise manner from NO to LOW to HIGH Myc (Table S3 ). This set is distinct from the set that is down-regulated by HIGH Myc but is apparently induced by EBNA2 (yellow to red to blue, going from NO to LOW to HIGH Myc). A number of known EBNA2 targets, such as IL4I1, CD84, and MFN1 (Table S4 ) are found in this group (12) . Likewise, there is a set of genes (toward the bottom of the heat map) that appears to be repressed by EBNA2 in the LOW Myc state, but is increased between the NO and HIGH Myc states (Table S5) . Thus, under the condition of β-estradiol and tetracycline treatment, the genes are not differentially expressed solely based upon Myc expression levels but are likely modulated by EBNA2. Notwithstanding this caveat, we sought among the 603 genes a set that is only expressed highly in the HIGH Myc state.
We have identified a set of putative Myc-dependent genes that display a distinct stepwise increase between LOW and HIGH Myc states (yellow -yellow -red in the heat map from NO to LOW to HIGH Myc states; Table S6 ). Among these genes, several are previously reported Myc targets (Table S7) . Furthermore, gene set enrichment analysis (GSEA) of 167 annotated up-regulated genes unique to the HIGH Myc state reveal an overlap with the ZHAN_MMPC_LATEVS set, which contains genes expressed in tonsilar plasma cells and the STEMCELL_HEMATOPOIETIC-UP set, which are genes increased in hematopoietic stem cells as compared with differentiate brain and bone marrow cells (Table S8) . Seventy-eight annotated down-regulated Myc targets overlap with the BASSO_GERMINAL_CENTER_CD40_UP set Unsupervised hierarchical cluster analysis of P493-6 and human B-cell malignancies using 445 gene probes with >5-fold expression changes that discriminate HIGH Myc from LOW Myc states. Analysis was performed with normal and malignant B-cell samples together with P493-6 in NO, LOW, or HIGH Myc states. Expression of the genes in the different samples is represented by the heat map where every row is a gene and every column is a sample. Red represents genes that are overexpressed, blue underexpressed, and white median expression. The diagnoses for the samples are indicated below the heat map. (Table S8 ). In addition, we have been able to further validate, with quantitative real-time PCR, the differential expression of several of these genes up-regulated only upon ectopic Myc expression (Fig. S1 ). Among these genes is JAG2, which encodes the Notch ligand Jagged2 and is highly up-regulated in the HIGH Myc state.
HIGH Myc State Increases NOTCH Signaling Components with JAG2 as
a Direct c-Myc Target. Given our observation that JAG2 is induced more than 5-fold only upon ectopic Myc expression, we focused on the Notch signaling cascade. We found from replicated biological experiments that several members of the Notch pathway are also up-regulated upon ectopic HIGH Myc expression, including MFNG, MIB1, Jagged-1, and Notch1.
We sought to determine whether JAG2 is a direct Myc target. Because JAG2 is not expressed in the Myc-ER fibroblast system, we are unable to determine whether JAG2 induction by 4-hydroxytamoxifen would still occur with cycloheximide treatment-a hallmark of some direct Myc target genes. Thus, we evaluated JAG2 regulatory regions for potential Myc binding sites and found E boxes within the promoter region and intron 2 of the JAG2 genomic sequence. Chromatin immunoprecipitation (ChIP) documented that Myc bound both regions containing the noncanonical and canonical binding sites (Fig. 3A) .
To determine the response of JAG2 to Myc induction, we measured protein levels of Jagged2 following removal of tetracycline from cells in the NO Myc state (Fig. 3B) . Jagged2 protein briskly increased upon reinduction of Myc (Fig. 3B) . The correlation between Myc and Jagged2 expression in B cells was further documented in human CB33-Myc B cells, EBV-negative human CA46, and Ramos Burkitt lymphoma cells, which have deregulated Myc expression (Fig. S2) . The human Raji EBVpositive Burkitt lymphoma cell line, however, had virtually undetectable Jagged2 expression. Intriguingly, EBNA2 protein behaves like an activated intracellular Notch receptor, thereby bypassing the need for canonical Notch signaling or Jagged2 expression to sustain EBV-positive cell proliferation (13) .
The rapid induction of JAG2 mRNA within 3-5 h posttetracycline release in P493-6 cells is compatible with the response of a direct target gene (Fig. S2C) . We have also found from array-based nuclear run-on studies that JAG2 is among genes that are robustly increased at the transcriptional level in response to Myc in the P493-6 cell system (Fig. S2D ). These observations suggest that JAG2 mRNA expression could correlate with Myc status in primary human B lymphomas bearing Myc chromosomal translocations to Ig gene loci. In this regard, we used the Oncomine database (https://www.oncomine.org/resource/login.html) to examine the relationship between Myc chromosomal translocation, Myc expression, and JAG2 expression in the study of Burkitt lymphomas by Hummel et al. (14) . Among 200 lymphomas that were karyotyped, 59 samples (including 37 Burkitt specimens) had Myc chromosomal translocations. Comparison between lymphomas with rearranged Myc versus negative controls reveals a highly statistically significant increase in the expression of both Myc and JAG2 in the lymphomas with Myc translocations (Fig. S3A) . The link between genetic aberrations of Myc and increased JAG2 expression suggests that Myc activation of JAG2 may also occur in primary human lymphomas.
In addition to the evidence that Myc directly transactivates JAG2, we found the functional activation of the Notch pathway via detection of the intracellular N ICD , following Myc activation. Jagged2 is a ligand for the Notch family of receptors (15) . Upon ligand-receptor binding, the Notch receptors undergo a series of γ-secretase-mediated proteolytic cleavages that releases an intracellular portion of the Notch receptor, termed N ICD (16, 17) , which subsequently translocates to the nucleus and regulates gene expression (18) , including the upregulation of target genes such as Hes-1, Hey-1, Nrarp, and Deltex (19) . We document that upon tetracycline release and subsequent Myc induction, there is increased formation of the Notch1 intracellular domain N ICD . Ectopic overexpression of JAG2 in P493-6 cells (P493-JAG2) further increased the amount of N ICD with Myc induction (Fig. 3C ).
Jagged2 Involvement in Cell Proliferation and Tumorigenesis. Having established that JAG2 behaves as a direct Myc target gene, we sought to determine the role of JAG2 in P493-6 cell proliferation and tumorigenesis. We performed both gain-and loss-of-function studies by overexpressing JAG2 or using interference RNA, respectively. Fig. 4A documents that siRNA knockdown of JAG2 decreased proliferation rate when compared with scrambled oligonucleotide controls (siCont). Overexpression of Jagged2 rescued the diminished growth rate of P493-6 cells caused by siRNA (Fig.  4B) , indicating that the knockdown effect was not due to off-target siRNA effects. These findings suggest that JAG2 is necessary for maximal P493-6 cell proliferation in vitro. Previous studies have shown that inhibition of the γ-secretase Presenillin-1 reduces the production of the Notch intracellular domain, and subsequent downstream signaling, often resulting in apoptosis (20) . To further study JAG2 loss-of-function in vitro and in vivo, we used the γ-secretase inhibitor (GSI) DAPT, which blocks Notch signaling by preventing the processing of the Notch1 receptor to form N ICD , but not the levels of Myc expression. There was a dose-dependent inhibition of cell proliferation of the HIGH Myc cells by DAPT as compared with DMSO vehicle-treated controls (Fig. 4C) . It is remarkable that the slower growth of the LOW Myc cells was proportionally much less inhibited by DAPT, suggesting that the augmented expression of Jagged2 in the HIGH Myc state sensitizes the HIGH Myc cells to DAPT inhibition. Similar findings were obtained using a second γ-secretase inhibitor, L685458. These observations further underscore the potential role of JAG2 as a pathological Myc target gene, which stimulates the Notch signaling pathway in the HIGH Myc state.
Because anaplastic medulloblastoma is a Myc-driven cancer distinguishable from classic medulloblastoma by high Myc expression (21), we sought to determine the level of Jagged2 expression in human primary medulloblastoma tissue microarrays (Fig. S3B) . We document that with high Myc expression in anaplastic medulloblastoma, there is a higher level of Jagged2 expression as compared with classic medulloblastoma (Fig. S3B) . The increased Jagged2 expression in high Myc-expressing B cells, Burkitt lymphoma cell lines, and anaplastic medulloblastoma (Fig. S2B) suggests that high Myc expression in different tumor types can be associated with elevated Jagged2 expression.
We next determined whether inhibition of the Notch signaling cascade would inhibit P493-6 tumorigenesis in vivo. We have previously shown that P493-6 cells form tumors in SCID mice (22) . These tumors are dependent on Myc, such that doxycycline (a tetracycline analog) oral administration diminishes Myc levels and inhibit tumor formation (Fig. 4D) . Treatment of P493-6 cells with thrice weekly s.c. injections of DAPT for 2 weeks led to a significant decrease in tumor volume when compared with control vehicle-treated mice (Fig. 4D) . Furthermore, we document that upon induction of Myc expression, DAPT inhibits Notch activation, resulting in decreased activated N ICD levels (Fig. 4E ). These observations support the hypothesis that JAG2 is an ectopic Myc target and that inhibition of the Notch signaling pathway diminishes P493-6 tumorigenesis.
Because our studies demonstrate the necessity of JAG2 expression and Notch signaling pathway for full tumorigenic potential, we sought to determine whether JAG2 gain of function would increase the growth and tumorigenic potential of P493-6 cells. Although JAG2 overexpression (Fig. 5A ) in P493-6 cells did not affect in vitro cell proliferation (Fig. 5B) , the in vivo xenograft growth of P493-6 JAG2 cells is significantly increased with an average P493-6 JAG2 tumor size nearly 50% larger than the control P493-6 cells (Fig. 5C) . From these observations, we surmise that JAG2 overexpression provides an in vivo advantage through the Notch signaling pathway in the tumor microenvironment.
It has been reported that the hypoxia inducible factor 1 (HIF-1) could augment Notch signaling during development (23, 24) . However, the role of Notch in the hypoxic tumor microenvironment has not been addressed. In this regard, we determined whether JAG2 gain-of-function activity could be unmasked under hypoxic conditions in vitro. P493-6 cells have diminished proliferation rate in hypoxia (1% oxygen) as compared with nonhypoxic (20% oxygen) conditions. However, ectopic expression of JAG2 could increase the proliferation of hypoxic P493-6 cells (Fig. 5D) , suggesting that JAG2 expression provides a growth advantage in hypoxia, particularly for in vivo tumorigenesis. By fluorescent immunohistochemistry, we further document the expression of Jagged2 in regions of hypoxia in P493-6 tumors, suggesting that JAG2 may be an important component of tumorigenesis under in vivo hypoxic conditions (Fig. S3C) .
Our studies to identify the downstream Notch and HIF1 targets under hypoxic conditions alone have not revealed dramatic alterations of Notch target genes in JAG2-overexpressing cells, except for the known Notch target gene, HEY1. HEY1 is induced >3-fold by hypoxia in JAG2-overexpressing P493-6 cells (Fig. S4A) . However, upon comparison of in vitro versus in vivo expression profiles for P493-6 cells, we have observed that mRNA levels for Notch signaling components or targets, such as Notch 2 and (Fig. S4B) . These findings are supported by the recent findings that heterozygosity for hypoxia inducible factor 1α decreases the incidence of thymic lymphomas, which are associated with decreased Notch signaling and diminished expression of downstream target genes NRARP and Deltex (25) . The detailed events downstream of JAG2 in the Notch signaling pathway are clearly important to delineate for a richer understanding of the Myc, JAG2, and Notch connection in additional studies, which are beyond the scope of the current report. The Notch signaling cascade is involved in the development of several hematological malignancies, particularly T-cell leukemias (26) and multiple myeloma (8) . In addition to previous studies showing that endogenous Myc is a downstream target of Notch and that Myc and Notch could collaborate in T-cell leukemogenesis (27, 28) , our findings provide evidence that ectopic Myc transactivation of JAG2 contributes to P493-6 cell tumorigenesis. Our observation, via the Oncomine database, of a statistically significant correlation between Myc chromosomal translocations and mRNA levels of Myc and JAG2 among 200 primary human lymphomas (14) suggests that Myc could also induce JAG2 expression in human Burkitt or Burkitt-like lymphomas.
EBV immortalization of lymphocytes involves the activation of the Notch pathway by EBNA2, which interacts with the Notch cofactor CBF1 to stimulate target genes (13) . When EBNA2-ER is activated in P493-6 cells by estradiol, EBNA2 direct activation of Notch target genes would not require ligand-activated Notch, and hence EBNA2-ER-driven P493-6 cells would be resistant to γ-secretase inhibitors, as we have documented. A recent study reports that selected B-cell lines are sensitive to the GSIs, suggesting a therapeutic role for GSIs in B lymphoid malignancies (20) . Interestingly, Jagged2 levels are increased in samples from multiple myeloma patients (8) , which often have Myc overexpression (8, 11) . Our demonstration of an increased expression of JAG2 in the higher grade, HIGH-Myc-expressing anaplastic medulloblastoma versus classic medulloblastoma further suggests the potential importance of the direct Myc target gene JAG2 in tumorigenesis.
Because P493-6 cells were derived from mature B lymphocytes that express cell surface markers indicative of Burkitt lymphoma as well as CD9, a marker of plasma cell differentiation, the response of JAG2 to HIGH Myc could have resulted from a more mature B cellular state that partially mimics multiple myeloma cells. Intriguingly, a large study showed that Burkitt lymphomas have frequent expression of multiple myeloma 1/IRF4 (MUM1), suggesting a partial plasma cell phenotype in a subset of Burkitt lymphomas (29) . Thus, in addition to defining Jagged2 as a direct Myc target gene in P493-6 cells, we also provide the proof of concept through these functional studies that JAG2 is candidate pathological target gene that deserves further study in other systems.
Our JAG2 loss-of-function studies suggest that Jagged2 is necessary for the full growth and tumorigenic potential of P493-6 cells. However, Jagged2 overexpression is insufficient to increase P493-6 cell proliferation under nonhypoxic conditions. Intriguingly, a hypoxic in vitro growth advantage of Jagged2 overexpressing P493-6 cells correlated with an increase in the tumorigenicity of the P493-6 JAG2 cells in vivo. Immunohistochemistry of P493-6 tumors further showed abundant expression of JAG2 in hypoxic regions. These observations agree with a previous study suggesting that Notch signaling is increased in hypoxia through the direct interaction between the intracellular Notch receptor domain N ICD and HIF-1 (24) . We speculate that increased N ICD levels through Jagged2 expression could reciprocally inhibit factor-inhibiting HIF (FIH) and augment HIF function to provide a hypoxic growth advantage independent of Notch target genes (30) . Further evidence suggests that N ICD enhances HIF1 recruitment to its target gene promoters, resulting in increased HIF1 activity in vitro (23) . HIF function would further increase the tumorigenicity of P493-6 as we have previously observed with P493-6 cells overexpressing a stabilized HIF-1 mutant (22) .
Materials and Methods
Chemicals and reagents were purchased from Sigma-Aldrich. Smartpool siRNAs were purchased from Dharmacon, Inc. and used according to manufacturer's instructions. Burkitt lymphoma cell lines were obtained from ATCC. Lymphoid cell lines and P493-6 human B-cell line was cultured as described (31) . Chromatin immunoprecipitation, immunoblotting, and RNA isolation from P493-6 cells was as described (31) . Immunohistochemistry for hypoxia was performed using pimonidazole hydrochloride (Hypoxyprobe) from Natural Pharmacia International and according to instructions. Goat anti-Jagged2 antibody (Santa Cruz) was used according to instructions. Tissue microarrays were stained with the anti-Jagged2 antibody (1:400) using Dako Biotin Blocking System. Microarray analyses were performed with Affymetrix GeneChip Human 133 2.0 Arrays. Gene expression analysis for gene clustering was performed as described (11) . The Oncomine database is accessible at https://www. oncomine.org/resource/login.html. Full materials and methods are found in SI Materials and Methods.
